Many essential cellular functions depend on the assembly and disassembly of macromolecular complexes. The size, form, and distribution of these assemblies can be heterogeneous and complex, rendering their detailed characterization difficult. Here we describe a simple non-correlation-based method capable of directly measuring population distributions at very low sample concentrations. Specifically, we exploit the highest signal-to-noise light bursts from single fluorescent particles transiting a confocal excitation spot to recursively determine the brightness and size distribution of complex mixtures of fluorescent objects. We refer to this method as burst analysis spectroscopy (BAS) and demonstrate the sensitivity of this technique by examining the free-solution, time-resolved distribution of assembled protein aggregates by using two fluorescently labeled proteins: the aggregation-prone, chaperonin-dependent, folding model protein ribulose-bisphosphate carboxylase/oxygenase (RuBisCO), and an amyloidogenic fragment of the yeast prion protein Sup35. We find that the assembly kinetics of both proteins display complex multimodal behavior not readily quantifiable with other methods.
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aggregation ͉ fluorescence spectroscopy ͉ microfluidics T he assembly and disassembly of macromolecular complexes is a fundamental property of cellular biology. Understanding the dynamics of molecular assemblies such as viral capsids, transport vesicle coats, cytoskeleton assemblies, and multienzyme complexes is both essential and challenging. A key and especially demanding example is protein aggregation. In some cases, aggregation of proteins can trigger severe cellular dysfunction and disease (1, 2) . In general, protein aggregation is initiated by the spontaneous formation of a limited population of small oligomers, which eventually, and often explosively, grow into a heterogeneous population of assembled states that can span several orders of magnitude in size (3) . Additionally, the precise aggregation pathway followed can be an exquisitely sensitive function of environment (3, 4) such that shear forces, fractionation, or solvent conditions experienced during measurement can dramatically perturb the population distribution under study. The inherent heterogeneity of an aggregating protein sample suggests that a single-particle method capable of resolving complex species distributions, while minimally perturbing a sample under study, would be an especially powerful complement to current approaches.
One of the most versatile general strategies for observing single particles and detecting rare molecular events involves the optical fluorescence labeling of a target sample. Fluorescence labeling has proven to be a highly sensitive method for the single-particle detection of protein aggregates in a variety of assays (5, 6) . Techniques that specifically monitor fluctuations in fluorescence intensity (7) (8) (9) (10) are well suited to the analysis and characterization of small molecules or mixtures of only a few species. However, these established methods are not, in general, well suited for the analysis of the early stages of protein aggregation where the oligomer concentration is low and the species distribution is highly diverse in size and concentration. Large, slow moving, and potentially rare aggregates possessing very high specific fluorescence intensities can dominate diffusion-based measurements. This fact makes it difficult to determine a meaningful average species concentration for a heterogeneous sample by using standard fluctuation methods. Likewise, the wide range of intensity fluctuations associated with low concentrations of bright particles diffusing through an excitation volume is not well described by a simple Poisson distribution (11) . More complex, multiparameter methods using intensity, lifetime, anisotropy, and spectral range (12, 13) have also been demonstrated by combining time-correlated single-photon counting measurements with fluorescence correlation spectroscopy.
Here we present a simple and complementary approach to quantifying a broad distribution of fluorescently labeled species at low concentration. Although the experimental approach retains the advantages of being able to perform traditional photon counting and coincidence detection (14, 15) , the approach does not require correlation analysis or a precision scanning stage to determine the population distribution. It is intended for the exploration of very low sample concentrations such as those inherent in aggregate formation and disassembly. The particle brightness distribution can be explored over several orders of magnitude with minimal sample perturbation. In this presentation, our analysis is restricted to high signal-to-noise bursts from particles containing multiple fluorescent probes per particle so that photon shot noise can be neglected. We demonstrate the ability to map the kinetic species landscape for both a model CO 2 -fixing enzyme, ribulose-bisphosphate carboxylase/oxygenase (RuBisCO) from Rhodospirillum rubrum, and the purified yeast prion protein Sup35. In both cases, the distinct dynamics of a subpopulation of rapidly growing aggregates highlights the utility of this single-particle approach.
Results
The method presented here requires flowing fluorescently labeled particles through an excitation volume and measuring the photon bursts recorded by a sensitive detector. A significant difference between this approach and scanning fluorescence correlation spectroscopy (FCS) techniques (16, 17) is that our semiempirical method does not rely on particle diffusion. We chose to build a standard dual-color confocal microscope from modular components (Fig. 1A) to demonstrate the feasibility of constructing a low-cost (Ͻ$20,000 without excitation source) system capable of quantifying a fluorescent distribution. An inexpensive motorized open-loop stage rotates the sample at a fixed rate.
In a typical measurement, each labeled particle that transits through the excitation volume produces a fluorescent burst whose peak intensity value is determined, then stored for subsequent Author contributions: J.P., R.A., and H.R. designed research; J.P., K.K., and H.R. performed research; J.P. and K.K. contributed new reagents/analytic tools; J.P. and K.K. analyzed data; and J.P., K.K., R.A., and H.R. wrote the paper.
The authors declare no conflict of interes.
analysis. The sample scan rate is chosen to be much faster than the particle transit rate due to free diffusion but much slower than the fluorescent excitation/de-excitation rate [see supporting information (SI) Methods]. For a typical confocal excitation profile (18) under these conditions, the peak intensity of each burst occurs just as the particle crosses the central plane of the excitation volume where the laser intensity is highest ( Fig. 1 B and C) . Thus, a histogram of the excitation intensities corresponding to the central plane of the excitation volume is equivalent to a noiseless model of the burst amplitude histogram of a single, uniformly bright species transiting this volume. Because there is a much greater probability of a particle crossing the beam at a region of low excitation intensity, the raw burst data will contain a large number of small-amplitude events. To compensate, the collected burst data can be logarithmically binned in amplitude. The application of this binning strategy to the intensities of the central plane of a Gaussian excitation profile yields a model that predicts that the burst amplitude histogram of a single fluorescent species will be flat (Fig. 1D) . Importantly, the addition of a second, noninteracting species of a different intrinsic brightness should then lead to no more than an offset in the histogram up to the maximum burst amplitude of the new species. In other words, the burst amplitude histogram will change in a manner identical to the cumulative distribution. For a more realistic combined Gaussian-Lorentzian (GL) excitation model (18) , logarithmic binning yields a histogram that is no longer the flat, cumulative distribution but is well approximated by a power law (Fig. 1 E, F , and G). Once again, however, additional noninteracting species of differing intrinsic brightnesses lead to offsets in the histogram up to the maximum burst amplitude of each new species ( Fig. 1 H and I) .
In general, a particle distribution is likely to be composed of multiple subspecies each possessing a different intrinsic brightness. To recover the species number distribution, one needs to differentiate dim species passing through the center of the excitation profile from bright species passing through the edge of the profile. This problem can be solved by constructing a corrected burst histogram by using information about the most highly fluorescent species detected in the course of a measurement. If all particles cross the excitation beam profile at random and uncorrelated positions, the most intense burst detected can, in principle, come only from the most highly fluorescent objects passing through the center of the excitation volume. The average number of bursts contributing to each of the lower intensity bins from the passage of the most fluorescent species through regions of lower excitation intensity can be calculated by using a model (18, 19) or a direct measurement of the beam profile. After the contribution to each histogram intensity bin from the most fluorescent species is removed, any bursts that remain in the second brightest bin can come only from a second, but slightly dimmer, fluorescent species. This procedure can then be repeated. Thus, each intensity bin can be corrected for the average contribution coming from each object of greater fluorescence intensity to yield a corrected histogram that estimates the number distribution. We have derived a recursion formula that implements this process. The corrected histogram provides a straightforward measure of changes in species number and brightness even when the volume of the excitation profile is not precisely known. In total, we refer to this burst detection strategy as burst analysis spectroscopy (BAS).
BAS Numerical Analysis. BAS analysis leads to an estimate of the fluorescence intensity distribution with an intrinsic resolution and dynamic range set by the binning choice. Whereas the number of independent fluorescent species is typically unknown a priori, BAS can explore the fluorescence distribution in increasing detail by binning the burst amplitude data into smaller intensity bins at the cost of increasing the noise per bin. In this work, typically 15 bins covering two orders of magnitude in photon rate were collected in Ϸ5 min. The number of bins was chosen to ensure that the average intensity variance between adjacent bins exceeded the average photon shot noise within a bin (see SI Methods).
On the basis of the results shown in Fig. 1g and the reasoning outlined above, we begin by assuming that a single monodisperse fluorescent species will lead to a burst amplitude histogram H 1 (I) that can be modeled as H 1 (I) ϭ a 1 T(I). The characteristic function, T(I), is determined by the shape of the microscope excitation profile, a 1 is a constant of proportionality, and I does not exceed some maximal burst amplitude I 1 that depends on the sample and . Burst measurements were conducted with a standard confocal microscope fitted with a custom rotary sample stage. An argon-ion laser, configured with an acousto-optical frequency filter for wavelength selection, was used for sample excitation. The fluorescence emission from samples placed on the scanning stage was collected, filtered, and then passed to a high-sensitivity photon counting photomultiplier (PMT) or avalanche photodiode (APD). Fluorescence burst amplitudes and arrival times were stored on a standard desktop computer for subsequent analysis. The instrument was configured for either single or multicolor detection (indicated by the second detection channel). Fluorescent particles flowing uniformly through a three-dimensional Gaussian (B) and Gaussian-Lorentzian (GL) (E ) excitation profile yield fluorescence bursts whose amplitude depends on the crossing path. Any given single-particle burst will track the excitation profile (C and F ) because the particle transit times are much slower than the rates of fluorescence emission. A single, uniformly fluorescent population of particles will produce bursts whose amplitude distribution is noiselessly modeled by the intensity distribution of the transverse cross-sectional plane (bull's eye region) of the excitation profile. For a Gaussian excitation profile, this distribution is a horizontal line when the burst amplitudes are binned logarithmically (D). For a more realistic GL profile, the distribution is well approximated as a power law whose spectral index can be determined by a calibration measurement (G ). Residuals shown below plots are calculated as the percent deviation from the best-fit power law model. (H ) A simulated total measured histogram (red) obtained from three species each of unique brightness and concentration together with (I ) the originating species number distribution demonstrates the effect of mixing multiple species.
excitation power. The functional form of T(I) will depend on the shape of the excitation profile but must be confirmed to be independent of I 1 and excitation power. For a 2D Gaussian profile, it can be shown that H 1 (I) ϭ a 1 /I so that logarithmic binning in amplitude leads to a flat histogram (see SI Methods). For a Gaussian-Lorentzian profile as in the case of our system, T(I) is well approximated by a power law. Extending this to a case where the fluorescence species distribution is more complex and extends over multiple intensity bins implies a total histogram H(I) ϭ Α H i (I). In general, once the actual function T(I) is known, the burst amplitude histogram can be corrected to yield an estimate of the number distribution. This correction is carried out as follows. The events in the brightest measured histogram bin m N are composed of only the brightest bursts and can be used to determine the amplitude of H N (I) because no dimmer species can contribute to this bin. Fitting is done by using the weighted least-squares fitting algorithm fit in Matlab where the weighting is uniform wherever the binary masking vector is nonzero. The number of free parameters a i fit is the same as the number of input data points (bins). The required correction to the fit model is
Knowledge of the mean flow rate, excitation geometry, and time of data collection allows conversion of this number histogram into concentration (see SI Methods).
A Fluorescence Distribution with Multiple Mixed Species. To demonstrate that BAS can robustly extract brightness and size distribution information from a heterogeneous sample, we first examined samples of polystyrene fluorescent nanospheres. We used three different samples of nanospheres (49 nm, 63 nm, and 100 nm), into each of which the same fluorescent dye was embedded. The uncorrected and corrected burst amplitude histograms for each bead sample are shown in Fig. 2 A-C. The uncorrected histograms display two important features: (i) a power-law dependence in photon rate that matches what would be expected for the GL excitation profile of our instrument and (ii) a characteristic roll-off at higher brightness caused by the inherent size variation of each nanosphere sample (specified as 10-15%). We find that, once intensity and integral normalized, the shape of a burst histogram is independent of excitation power, suggesting that photon-counting statistics do not affect the measurement of particle size distributions under these analysis conditions (Fig. 2D) . We next compared the experimentally measured nanosphere distributions to the results of a simulation analysis. We assumed that the fluorescence intensity of the nanospheres varies linearly with volume and that the dispersion in nanosphere size is normally distributed around a mean size. The linear relationship between bead size and fluorescence intensity was confirmed by measuring the fluorescence intensity ratio of the different nanospheres at high concentration and equivalent excitation power (data not shown). A series of Monte-Carlo simulations was performed by using a uniform sampling of the central plane of a GL excitation volume. This analysis demonstrates that BAS can measure the size variation of a single fluorescent species to better than 5% (Fig. 2D , dashed lines; 11 Ϯ 3% for the 100-nm nanosphere sample).
We next examined how well BAS can extract distribution information from mixtures of fluorescent nanospheres. We used two nanosphere mixtures for this analysis: (i) 49 nm plus 63 nm at a mixing ratio of 5:1 and (ii) 49 nm plus 100 nm at a mixing ratio of 1:1. In both cases, the presence of two distinct species, as well as the relative brightness, concentration, and population distribution of each species, can be determined from the corrected histograms ( Fig.  2 E and F) . Stringent simulation analysis confirms that BAS can robustly detect differences in mixed samples, even when particles differ in size or concentration by less than a factor of 2 ( Fig. 2 E and  F, dashed lines) . For these simulations, the same number of events detected in each mixing experiment was used for each simulation (n 49/100 ϭ 4,447, n 49/63 ϭ 2,879). The simulation model accounts for both the expected distribution of fluorescent nanospheres and for Poisson noise (see SI Methods). Importantly, the experimentally measured amplitude distributions very closely match the distributions predicted by this analysis (Fig. 2 E and F All measurements were repeatable to within sampling noise.
As sample complexity increases, the inherent constraints of photon burst detection, instrument noise, and the inescapable low number sampling of high brightness events combine to place limits . Each histogram is photon rate (intensity) normalized by using the photon rate where the number of events has dropped to one-half the maximum value. The integral of each number distribution is also normalized to one. There is no indication of significant shape distortion with excitation power. BAS simulations for normal distributions of three nanosphere sizes (dashed lines) indicate that the sample size variation can be constrained to better than 5%. Mixed samples of nanospheres (E and F ) yielded corrected burst histograms that can resolve nanosphere subpopulations differing in size by less than a factor of 2. The BAS corrected burst histograms are well matched to numerical simulations of burst data by using the same number of burst events and a GL excitation model (dashed lines; labels indicate mix ratio).
on the ability of BAS to detect and discriminate different populations. However, a practical dynamic range of BAS measurements and the method's power to discriminate between distributions can be demonstrated by examining the corrected photon rate histogram calculated from a simulated, complex population of fluorescent particles. The equilibrium ensemble distribution of a simple, diffusion-limited aggregating system has previously been modeled as a power law with an associated spectral index (20) . Hence, we compared the BAS estimated brightness distributions from a burst simulation with the original underlying power law distribution used to create the simulated bursts. The results of the analysis and the underlying power laws expected are shown in Fig. 3 . . BAS measurement sensitivity wanes faster for low photon rate events when the source distribution is more uniform. This is due to the faster increase in relative sample variance in the lower intensity bins from brighter members of the population. A practical limit for BAS measurements such as those presented here is thus approximately two orders of magnitude in photon rate.
Measurement of Population-Resolved Aggregation Kinetics.
BAS not only provides a simple method for studying the species distribution of complex, fluorescent macromolecular systems but also provides a way to follow the temporal evolution of these systems. We therefore examined the capacity of BAS to characterize the aggregation dynamics of two model proteins that display highly divergent aggregation behavior: (i) the amorphously aggregating globular enzyme RuBisCO and (ii) an amyloid-forming fragment of the yeast prion protein Sup35.
The CO 2 -fixing enzyme RuBisCO from R. rubrum is a well established model substrate for the study of molecular chaperonedependent protein folding (21, 22) . We created a tetramethylrhodamine (TMR)-labeled, metastable, and aggregation-prone RuBisCO folding intermediate by using previously described procedures (see Materials and Methods). Small aliquots (25 l) of the nonnative RuBisCO monomer at 4°C were withdrawn, warmed to 22°C for different times to trigger aggregation, and then diluted to low concentrations to slow the aggregation reaction during data acquisition. BAS measurements were taken for five different incubation times (n 60 min ϭ 1,028, n 20 min ϭ 1,175, n 5 min ϭ 1,168, n 1 min ϭ 824, n 30 sec ϭ 664) at 22°C and demonstrated dramatic shifts in the RuBisCO aggregate population distribution as a function of aggregation time (Fig. 4) . A subpopulation of small aggregates characterized by very rapid growth was detectable in the first minute of the aggregation reaction. Within 5 min, a different and slower growing population then appeared to partially catch up. After 20 min, the distribution had largely stabilized. Based upon a detailed calibration analysis (see Fig. S1 ), the RuBisCO aggregates detected range from 5 to 500 RuBisCO monomers in size and did not exhibit significant quenching or quantum yield changes. The number distributions shown (Fig. 4B) are presented as the apparent concentration of aggregated particles (see SI Methods).
We next examined the oligomerization and ␤-amyloid conversion of a fragment of the yeast prion protein Sup35. Sup35 is a well established yeast model for studying the formation, infectivity, and propagation of prions (23, 24) . The glutamine-rich, amino-terminal to middle fragment of Sup35 (Sup35NM) has been shown to mediate the conversion of Sup35 to amyloid-like fibrils linked to prion conversion and propagation (25) . When a sample of purified Sup35NM was diluted out of strong denaturant into agitated aqueous buffer, light-scattering measurements showed a concentration-dependent lag phase followed by a nearly concentration-independent sigmoidal polymerization phase characteristic of this protein (23) .
We used BAS and the small organic dye thioflavin T (ThT) to track the formation of Sup35NM oligomers. ThT displays only weak fluorescence in free solution or in the presence of unstructured, amorphous aggregates but becomes highly fluorescent upon binding to the organized ␤-sheet structure found in amyloid fibrils (26) . We chose to use this small noncovalent ligand to follow Sup35NM conversion for two reasons: (i) based upon BAS measurements with a covalently attached fluorescent dye, no more than 2-5% of the total Sup35NM forms detectable multimeric assemblies (data not shown; a similar conclusion, based on centrifugation analysis, has been previously reported in ref. 23 ) and (ii) the use of a noncovalent, property-specific ligand allowed us to explore the use of BAS to isolate and examine the dynamics of distinct subpopulations within a larger total population. Because the functional relationship between ThT fluorescence and oligomer size is unknown, we do not attempt to convert ThT fluorescence brightness to monomer number. Although size or aggregate type-induced changes in the ThT quantum yield prevents this more detailed analysis, previous work and the monotonic increase in bulk ThT fluorescence (Fig. 5A) imply that Sup35NM oligomer size and ThT fluorescence intensity are directly related. Thus the measured number distribution can still be used to monitor distinct, well separated populations. At different times along the trajectory of a bulk Sup35NM assembly reaction (followed by ThT fluorescence), samples were extracted and subjected to BAS analysis ( Fig. 5B; n i ϭ 1,396 , n ii ϭ 1,226, n iii ϭ 566). During the lag phase in the reaction, no ThT fluorescence bursts were detectable. As the bulk ThT fluorescence of the sample began to increase, we observed a distinct population of Sup35NM oligomers that bound ThT. At longer times, a subset of the population displayed a dramatic increase in ThT binding. Surprisingly, however, only a fraction of the Sup35NM that bound ThT appeared to be competent to form large-scale structures. A subpopulation of small ThT-positive oligomers appeared to stall or progress toward larger assemblies only very slowly. The corrected number distribution (shown as concentration in femtomolar) at this stage of Sup35NM assembly (Fig. 5B iii) is clearly composed of two distinct populations. Importantly, the detection of the smaller sized, slow-growing subpopulation was not dependent on the bin size used in the analysis; a range of more and less coarse binning showed the same overall form of the corrected brightness histogram, as well as consistent scaling of the object number per bin. To establish whether the smaller species were transiently populated through an unstable side process, we repeated the aggregation measurement and allowed the polymerization to proceed to completion (Ͼ4 h; based on light scattering and bulk ThT fluorescence under these conditions; n ϭ 492). A sample of the reacted solution was then diluted 100-fold and analyzed by BAS under identical conditions. Because of agitation-induced shearing, precipitation before the BAS measurement and significant dilution, we anticipated that large fibrils would be absent or not detectable. Remarkably, comparison of the Sup35NM oligomer distribution at midreaction to the extended incubation endpoint demonstrated that the smaller, slow growing subpopulation increased modestly in size and number without disappearing or fully converting to larger oligomers (Fig. 5C ).
Discussion
Macromolecular assemblies can populate a diverse array of structural states. Essential biological processes may be heavily influenced by the precise distribution of macromolecular states or by rare, highly active subspecies that are present at very low concentrations (27, 28) . Under these conditions, it can be difficult or even impossible using standard techniques to quantify the population distribution of a macromolecular assembly or to track the development of a key subpopulation. Here we have presented a single-particle fluorescence method we refer to as BAS that overcomes many of these limitations and permits the rapid, minimally perturbative, free-solution analysis of complex macromolecular distributions. BAS does not rely on diffusion to quantify the number distribution of a heterogeneous population of fluorescently labeled macrostructures and is computationally and experimentally simple. Because of its speed and simplicity, BAS provides a methodologically straightforward way to quantify the kinetics of macromolecular assembly or disassembly without perturbing the system by fractionation. Furthermore, site-specific probes are not required to explore subpopulation dynamics and, thus, the results serve to complement existing cross-correlation techniques (5, 15) . While we have shown one aggregation example (RuBisCO) where fluorophore quenching does not deleteriously affect BAS analysis, quenching will change the functional relationship between burst intensity and aggregated size. However, as long as the correspondence between burst intensity and aggregate size or functional form is well behaved, it is still possible to track distinct subpopulations through the measured number distribution. We have applied this method to the yeast prion fragment Sup35NM.
In this first application of BAS, we have shown that it is possible to recover the expected species distribution of a mixed solution of fluorescent nanospheres in excellent agreement with numerical simulations. In addition, two substantially different protein aggregation processes were examined to demonstrate the ability to detect and quantify the formation of macromolecular subpopulations. In both cases, we detect complex, multimodal population distributions not readily observable with other methods. Given the fundamentally different physical endpoints of these two protein aggregation reactions (amorphous aggregate and amyloid fibril), our results suggest that multipopulation kinetics may be characteristic of a wide range of protein aggregation reactions. Additional studies will be required to examine the generality of these observations and the physiological importance of this shared multimodal behavior. A more detailed understanding of how solution conditions affect the temporal evolution of aggregated protein states should prove highly valuable in the development of general physical models for predicting and controlling the kinetics of protein aggregation and amyloid formation (28, ) are also shown and the histogram is scaled to account for the 100-fold dilution of the sample. The population distribution after 5 h of incubation time is similar in overall shape to iii but is shifted to higher particle brightness, consistent with continued slow growth of the oligomer populations detected at earlier times. 29). For example, the detection and study of low-order, prefibrillar intermediates in the protein aggregation reactions associated with diseases such as Alzheimer's and Huntington's are likely to be key to a complete understanding of these disorders (1, 2).
Materials and Methods
Protein Preparation. RuBisCO from R. rubrum was expressed and purified as described in ref. 22 . Native RuBisCO was labeled at a single exposed Cys residue (C58) with tetramethylrhodamine-5-iodoacetamide as described in ref. 22 . RuBisCO aggregation was initiated from a nonnative intermediate state of the protein that is stably populated at low temperature and low ionic strength (22) . In brief, native RuBisCO labeled with TMR was denatured in 8 M acid-urea for 30 min at 22°C. The denatured protein was then rapidly diluted (350-fold) to a final concentration of 200 nM into buffer A (50 mM Hepes, pH 7.6/10 mM KOAc/5 mM Mg(OAc) 2/2 mM DTT) at 4°C. Using chilled pipette tips, 25-l aliquots of the cold, nonnative protein sample were withdrawn and placed into a vial at 22°C to initiate aggregation. At different times, the sample was then diluted (20-fold) in buffer A at 22°C to suspend aggregation. Samples were then subjected to immediate BAS analysis. All sample containers were blocked with 10 mg/ml BSA, rinsed with ultrapure deionized water, then air dried before use.
Sup35NM was expressed and purified as described in refs. 24 and 25. Sup35NM assembly reactions were conducted essentially as described in ref. 24 . In brief, nonnative Sup35NM in denaturation buffer (50 mM Mes, pH 6.0/4 M urea/4 M guanidinium⅐HCl/50 mM NaCl/5 mM 2-mercaptoethanol) was rapidly diluted (70-to 200-fold) into a 3-ml casein-blocked quartz cuvette at 22°C containing buffer B (40 mM Hepes, pH 7.4/150 mM KCl/20 mM MgCl 2/1 mM DTT) and 1 M thioflavin T (ThT). The final Sup35NM concentration was varied between 0.5 and 1.5 M. The sample was subjected to continuous stirring with a spin vein and magnetic stirrer (200 and 500 rpm) to facilitate fibril growth. The extent of fibril assembly was monitored in real time by ThT fluorescence (excitation 457 nm; emission 483 nm). Aliquots (100 l) were withdrawn from the sample cuvette at different incubation times and placed on casein-blocked coverslips for immediate BAS analysis.
Single Particle Detection Platform. All data were collected by using a custombuilt confocal microscope built on a Nikon TE2000 microscope base and coupled to an argon-ion laser (Spectra-Physics Beamlok 2060-RMS) through a single-mode fiber. Average power was stable to better than 2% throughout all experiments. An acousto-optical tunable filter (NEOS model 6404010W) enabled color selection. For all experiments, a Nikon 60ϫ N.A. 1.4 objective was used. We constructed a modular pinhole (50 m) and dual-color filter assembly that attached to one of the microscope's side access ports. For all reported data, the output of this modular assembly was coupled to an avalanche photodiode (APD) detector (Perkin-Elmer SPCM-ARQ-12-FC) via multimode fiber optics. For all RuBisCO aggregation measurements, the 568-nm laser line excitation was chosen and emission was collected with a 605/50-nm bandpass filter. For experiments with Sup35NM and ThT, 457-nm excitation was used and emission was monitored with a 505/50-nm bandpass filter. The beam waist diameter in the flow direction as determined from standard FCS measurements of tetramethylrhodamine (data not shown) was determined to be 0.4 m for the green channel and 0.45 m for the red channel. The instrument point spread function was also measured by axial scanning through 100-nm beads and confirmed the suitability of GL model assumptions. Fluorescent bead measurements were performed in both green and red bands, but because they are consistent only the red channel data are presented here. The APD output was time-stamped by a Flex01-12D hardware correlator (Correlator.com) connected to a standard PC via a USB-II communication link. This unit was primarily used to provide a time stamp during BAS measurements but also allowed for monitoring rotation speed through the fluorescence autocorrelation.
Protein samples were placed in a shallow well on BSA (10 mg/ml; for RuBisCO experiments) or casein (5% wt/wt; for Sup35 experiments) coated coverslips. Blocking times were either 30 min (casein) or 1 h (BSA). Coverslips were rinsed with deionized water and blown dry before well attachment. The wells, formed of PDMS silicone (Sylgard 184; Dow Corning), were Ϸ5 mm wide by 2 mm deep. Each well was covered before taking measurements to prevent evaporation. Coverslip assemblies were offset and rotated at 300 -500 m/s as measured at the excitation volume by using a custom torque motor assembly affixed to the objective. The rotation speed was calibrated optically by using a precision reticule. Fluorescent nanospheres were purchased from Duke Scientific as 1% solid suspensions. Typically, stock solutions were diluted by 10,000 to 100,000 depending on diameter to achieve 300 -1,000 fM solutions. Nanosphere burst histograms similar to those shown in this article were also attained by using a two-photon microscope (data not shown).
A modified Lee filter (30) was used to identify individual bursts. These putative events were masked out and the background signal was determined then removed from the original data stream. Only bursts exceeding a lower signal-tonoise limit are retained (see SI Methods). The mean background signal was removed before isolating individual burst events for analysis. To estimate the fraction of multiparticle events, we considered the fraction of burst event pairs that occur closer in time than that required for a particle to cross the 2 beam width (2.7 ms for 300 m/s flow) by using an exponential rate model. Only data sets where this fraction was Ͻ2% were considered. Photon arrival time data were binned into 500-or 1,000-ms bins. Each isolated burst either was fit to a Gaussian profile to find its amplitude or the maximal value during the burst was used. These two methods yielded identical results to within experimental uncertainty, as expected for high signal-to-noise events. All analysis was carried out by using custom software written in Matlab 7.4.
